could be in jeopardy because of the loss of elasticity of the bulbus and the subsequent impaired output. 6 However, the more sedentary and noncompetitive environment of farmed fish may eliminate the necessity for sudden increases of cardiac output. Similar findings have been described in farmed Atlantic salmon (Salmo salar) with pancreas disease, 8 where clinical signs may not be observed in affected fish despite an associated cardiomyopathy.
Sources and manufacturers
a. Argent Chemical Laboratories, Redmond, WA. b. 664 Fast 4 System, Ciba Coming, Oberlin, OH.
Fusarium moniliforme is one of the most prevalent fungi found in corn worldwide. 2 In 1988, a group of cancer promoting agents, the fumonisin B mycotoxins, was isolated and characterized from cultures of F. moniliforme. 1, 7 Fumonisins are the causative agents of equine leukoencephalomalacia (ELEM) 11 and acute porcine pulmonary edema (PPE). 10 A large number of field cases of PPE and ELEM in the USA were associated with the 1989 corn crop and were traced to the consumption of contaminated corn screenings. 16, 17 Epidemiologic evidence shows a positive correlation between the presence of F. moniliforme in corn crops and the high incidence of human esophageal cancer in certain regions of South Africa.
18 Chronic dietary intake of F. moniliforme culture material or purified FB 1 in rats induces hepatocellular carcinomas. 8, 12 The chronic effects of fumonisin-contaminated diets in swine have been studied previously. 3, 4 Gilts fed a diet containing 100 mg fumonisin B 1 (FB 1 ) kg for 7 days, followed by a diet containing 190 mg/kg for 83 days developed nodular hyperplasia of the liver. 3 One pig had grossly apparent hyperplastic plaques within the esophageal mucosa, and others had histologic evidence of hyperkeratosis and parakeratosis. In a second trial, gilts fed diets containing 150-170 mg FB 1 / kg for 210 days developed nodular hyperplasia of the liver. 4 These diets were formulated by blending naturally contaminated corn and F. moniliforme culture material with a complete ration to obtain the desired FB 1 concentrations.
In the present study, 1 group of pigs was fed a diet with an FB, concentration of 140 mg/kg for 9 months. A second group was fed a diet with a lower FB 1 concentration (70 mg/ kg) for the same period of time. The objectives of this feeding trial were 1) to further characterize the clinical effects of chronic exposure to dietary fumonisins in swine, 2) to determine if the hepatic nodules and esophageal lesions observed in previous experiments in swine are preneoplastic lesions capable of progressing to malignant tumors, and 3) to determine if a no-effect threshold exists for the clinical syndrome and lesions observed in previous trials.
Twelve weanling gilts were purchased locally and assigned randomly to 1 of 2 groups according to the concentration of fumonisin in the complete ration (70 ppm and 140 ppm). Pigs were allowed free-choice consumption of diets for 291 days. The pigs were cared for according to the animal care and use protocol approved by the University of Missouri Animal Care and Use Committee (in accordance with provisions of the Guide for the Care and Use of Laboratory Animals, NIH publication 1985) . Blood samples were obtained from all pigs on days 0, 11, 30, 92, and 291 to obtain hepatic enzyme and cholesterol values. At necropsy, a wide range of tissues were collected and routinely processed for histopathologic examination.
Cultures of F. moniliforme were grown in 1-quart (0.95 liter) canning jars with the lids modified to allow air exchange through 6.4-mm holes and covered with autoclave tape as previously described. 19 Whole shelled corn (100 g) and 100 ml distilled water were added to each jar, autoclaved for 30 minutes, and allowed to cool to room temperature. Two milliliters of an F. moniliforme strain M-1325 suspension in sterile distilled water was added to the autoclaved jars. Sterilized paper filters were placed inside the lid and the autoclave tape was removed from the exterior side of the lid. The jars were incubated in the dark for 5 weeks at 27 C. At the end of this period, all jars were autoclaved, and culture material was placed in a forced air oven at 40 C for 48 hours, ground to a fine powder, and stored in plastic containers at -20 C.
Individual diets were prepared by blending F. moniliforme culture material containing 5500 ppm FB 1 with a commercial swine ration in 272-kg lots. The concentration of FB 2 was 31% that of FB 1 . Diets were made containing 0.21% and 0.42% culture material by weight, which was equivalent to concentrations of 70 and 140 ppm FB 1 , respectively. Completed rations were analyzed by high-performance liquid chromatography to verify the final concentration of FB 1 . 4 Additional analyses for aflatoxin, T-2 toxin, ochratoxin A, zearalenone, vomitoxin, citrinin, sterigmatocystin, fusarin C, and moniliformin were performed to certify the absence of these toxins from the diets.
Pigs in the 70-ppm FB 1 group remained clinically normal during the course of the feeding trial. Pigs in the 140-ppm group showed intermittent decreases in feed intake but otherwise remained clinically normal during the experiment. Body weights at the end of the experiment were 176-237 kg in the low-dose group and 168-212 kg in the high-dose group. One pig in the high-dose group died with anemia and gastric ulceration, and another died of exsanguination during blood sampling. By day 30, pigs in both groups experienced gradual increases in aspartate aminotransferase, alkaline phosphatase, gamma-glutamyl transpeptidase, and cholesterol. By day 92 there was a marked decline in clinical chemistry values, and by day 291 all were within normal limits except for elevated cholesterol.
All pigs were euthanized and necropsied after 291 days of dietary fumonisin exposure. None of the pigs had liver nodules or esophageal lesions. Livers of pigs in both groups were firm, pale, and histologically characterized by severe perilobular fibrosis.
Based on clinical chemistry values obtained from this study, liver enzymes are not a reliable indicator of slow and progressive liver damage induced by prolonged exposure to oral fumonisins. Significant hepatotoxicity was initially induced with the doses used in the experiment, as indicated by elevations in liver enzymes. Histologic observations of significant liver fibrosis at day 291 shows that liver damage continued, although liver enzyme values declined after day 92 and were within normal limits by day 291. Liver histopathology is apparently a more useful indicator of hepatotoxicity induced by chronic exposure to dietary fumonisins in swine. Other investigators have reported this observation. 14 In our experiment, significant differences in clinical chemistry values, except for cholesterol, were not detected at any stage of the trial. Cholesterol was the only serum chemistry parameter that remained elevated in a dose-dependent fashion during the experiment.
Nodular hyperplasia of the liver or esophageal lesions were not detected in any of the pigs. Our results indicate variability among individual pigs in response to dietary fumonisin exposure. Pigs used in this experiment were from a different source than were pigs used in previous trials, suggesting that genetic background may play a role in the response to fumonisin toxicity. In addition to differences in dose and time of exposure, autoclaved F. moniliforme culture material was used as the sole source of fumonisins. In previous trials in which pigs developed nodular hyperplasia of the liver, naturally contaminated corn also was used. Unknown fungal metabolites may have been present in naturally contaminated corn and may have been partially responsible for the development of esophageal and nodular hyperplasia of the liver. If these unknown metabolites are heat labile, this would be consistent with the observation by others that lyophilized F. moniliforme culture material is more toxic to rats and induces a higher incidence of esophageal epithelial hyperplasia than does oven-dried culture material.
12 Alternatively, the array of toxic metabolites produced by fungi grown under laboratory conditions does not mimic those produced under the diversity of field and storage conditions.
13,15
The cytotoxicity of fumonisins seems to play an important role in the potential for cancer initiation and promotion. 8, 12 The cytotoxic effects of nongenotoxic chemicals result in compensatory cell regeneration and proliferation, which selectively give rise to cancer-initiated cells. Unlike their genotoxic counterparts, nongenotoxic chemicals are more likely to have a measurable no-effect threshold for cancer initiation.
5 Chronic toxicity studies in rats suggest that fumonisins are slow initiators of cancer.
8 Recently, compensatory cell proliferation due to FB 1 -induced hepatotoxicity was shown to be diminished by an inhibitory effect on subsequent hepatocyte proliferation, which may be why the fumonisins are slow cancer initiators.
6 Elevated liver enzymes and evidence of gross and histologic liver fibrosis in both dosage groups indicate that although the hepatotoxicity threshold was reached in the present experiment, it was not sufficient for cancer initiation.
4.
Hepatotoxicity has not been reported in field outbreaks of fumonisin toxicity in swine because of the rapid and lethal course of pulmonary edema. Subsequent removal of the suspect feed usually results in remission of the clinical syndrome. Therefore, most epidemiologic studies are based on an association between the development of PPE and evidence of consumption of feed contaminated with fumonisins. These studies provide insight into establishing risk assessment guidelines for this group of mycotoxins. Contaminated corn screenings obtained from an epizootic of PPE contained, in most cases, > 20 mg FB 1 /kg, but the concentration ranged from 3 to 330 mg FB 1 /kg. 16 Other samples collected from epidemiologic surveys related to field cases of PPE had > 10 mg FB 1 /kg in most cases, but the concentration ranged from < 1 mg FB 1 /kg to 300 mg FB 1 /kg. 17 This wide variation of fumonisin content in the incriminated feeds reflects the limitation of epidemiologic studies; it is difficult to tell whether samples obtained for these studies were representative of what the pigs consumed at the time of the outbreak.
It is uncertain what fumonisin concentration in contaminated feed can be regarded as safe for swine. At the doses used in our experiment, PPE was not observed. Animals in both groups did not develop significant clinical abnormalities during the course of the feeding trial, suggesting that pigs can tolerate doses approaching 70 mg FB 1 /kg. Pigs in the highdose group had a lower mean body weight (194 kg) at the end of the experiment than did pigs in the low-dose group (213 kg), but the difference was not statistically significant. However, the possibility that oral fumonisin intake may have an adverse effect on parameters such as feed intake, rate of gain, and feed conversion ratio cannot be excluded and should be addressed in future controlled studies.
